The molecular pathogenesis of pleomorphic xanthoastrocytoma (PXA), a rare astrocytic brain tumor with a relatively favorable prognosis, is still poorly understood. We characterized 50 PXAs by comparative genomic hybridization (CGH) and found the most common imbalance to be loss on chromosome 9 in 50% of tumors. Other recurrent losses affected chromosomes 17 (10%), 8, 18, 22 (4% each). Recurrent gains were identified on chromosomes X (16%), 7, 9q, 20 (8% each), 4, 5, 19 (4% each). Two tumors demonstrated amplifications mapping to 2p23-p25, 4p15, 12q13, 12q21, 21q21 and 21q22. Analysis of 10 PXAs with available high molecular weight DNA by high-resolution array-based CGH indicated homozygous 9p21.3 deletions involving the CDKN2A/ p14 ARF /CDKN2B loci in six tumors (60%). Interphase fluorescence in situ hybridization to tissue sections confirmed the presence of tumor cells with homozygous 9p21.3 deletions. Mutational analysis of candidate genes on 9q, PTCH and TSC1, revealed no mutations in PXAs with 9q loss and no evidence of TSC1 promoter methylation. However, PXAs consistently showed low TSC1 transcript levels. Taken together, our study identifies loss of chromosome 9 as the most common chromosomal imbalance in PXAs and suggests important roles for homozygous CDKN2A/p14 ARF /CDKN2B deletion as well as low TSC1 mRNA expression in these tumors.
The molecular pathogenesis of pleomorphic xanthoastrocytoma (PXA), a rare astrocytic brain tumor with a relatively favorable prognosis, is still poorly understood. We characterized 50 PXAs by comparative genomic hybridization (CGH) and found the most common imbalance to be loss on chromosome 9 in 50% of tumors. Other recurrent losses affected chromosomes 17 (10%), 8, 18, 22 (4% each) . Recurrent gains were identified on chromosomes X (16%), 7, 9q, 20 (8% each), 4, 5, 19 (4% each) . Two tumors demonstrated amplifications mapping to 2p23-p25, 4p15, 12q13, 12q21, 21q21 and 21q22. Analysis of 10 PXAs with available high molecular weight DNA by high-resolution array-based CGH indicated homozygous 9p21.3 deletions involving the CDKN2A/ p14 ARF /CDKN2B loci in six tumors (60%). Interphase fluorescence in situ hybridization to tissue sections confirmed the presence of tumor cells with homozygous 9p21.3 deletions. Mutational analysis of candidate genes on 9q, PTCH and TSC1, revealed no mutations in PXAs with 9q loss and no evidence of TSC1 promoter methylation. However, PXAs consistently showed low TSC1 transcript levels. Taken together, our study identifies loss of chromosome 9 as the most common chromosomal imbalance in PXAs and suggests important roles for homozygous CDKN2A/p14
Introduction
Pleomorphic xanthoastrocytoma (PXA) is a rare astrocytic tumor that typically presents as a well-circumscribed, superficially located lesion in the cerebral hemispheres of children and young adults, often after a long-standing history of epileptic seizures (Kepes et al., 2000) . Characteristic histologic features include pleomorphic and lipidized astrocytic cells with expression of glial fibrillary acidic protein, a dense stromal reticulin network and prominent perivascular lymphocytic infiltrates (Kepes et al., 2000) . Most cases of PXAs grow slowly and correspond histologically to World Health Organization (WHO) grade II. However, a subset of PXAs shows histologic features of anaplasia, such as increased mitotic activity and/or necrosis. These tumors are designated as PXA with anaplastic features (Kepes et al., 2000) . In comparison to the diffusely infiltrating astrocytic gliomas, PXAs show a more favorable prognosis as indicated by a 10-year survival rate of approximately 70% (Giannini et al., 1999) .
The etiology of PXAs is unknown. Rare cases of PXA have been reported in patients with neurofibromatosis type 1 but most tumors arise sporadically without evidence of a genetic predisposition (Kepes et al., 2000) . To date, only few cytogenetic and molecular genetic studies have been performed on these tumors. Cytogenetic aberrations found in one PXA each were (a) trisomy 3 and 5 as well as monosomy 22 (Sawyer et al., 1991) , (b) telomeric associations resulting in subclones with ring chromosomes (Sawyer et al., 1992) , and (c) translocations at band 1q42 in both homologs of chromosome 1 (Li et al., 1995) . Comparative genomic hybridization (CGH) analysis of three PXAs detected gain on chromosome 7 and loss on 8p as recurrent imbalances (Yin et al., 2002) . Molecular genetic studies revealed that mutations in the TP53 tumor-suppressor gene are restricted to a small fraction of cases (Paulus et al., 1996; Giannini et al., 2001; Kaulich et al., 2002) . Thus, to date no specific genetic aberration has been linked to PXAs.
Here, we report on the results of a genome-wide screening for chromosomal imbalances in 50 PXAs using CGH analysis (Kallioniemi et al., 1992; du Manoir et al., 1993) . The CGH studies were supplemented by high-resolution array-based CGH (array-CGH) experiments (Solinas-Toldo et al., 1997; Pinkel et al., 1998) , interphase fluorescence in situ hybridization (FISH) to tissue sections, and molecular genetic analyses of selected genes. The results of this integrated approach indicate loss of chromosome 9 as the most common chromosomal alteration in PXAs. Furthermore, we identified homozygous deletions involving the
CDKN2A/p14
ARF and CDKN2B tumor-suppressor gene loci at 9p21.3 in a significant fraction of these tumors and found that PXAs consistently show low expression of transcripts from the TSC1 gene at 9q34.
Results
Genomic imbalances detected by chromosomal CGH CGH analysis revealed chromosomal imbalances in 38 of 50 PXAs (76%), with a range of 0-10 alterations per Figure 1 ). In most instances, both arms of chromosome 9 were lost. However, a subset of tumors showed losses restricted to 9p (n ¼ 7) and one PXA displayed a loss of 9q only. Less common losses affected chromosome 17 (5/50; 10%). The most frequent gains were on chromosome X (8/50; 16%), 7, 9q and 20 (4/50; 8% each) (Figure 1 ). Six different high-level amplifications were found in two PXAs and mapped to 2p23-p25, 4p15, 12q13, 12q21, 21q21 and 21q22, respectively.
Comparison of chromosomal CGH results in PXAs versus diffuse astrocytomas
Chromosomal CGH results obtained for the 50 PXAs were compared with those from 19 diffuse astrocytomas of WHO grade II (nine cases included in this study, 10 cases reported by us previously (Weber et al., 1996) 
Genomic imbalances identified by array-CGH
Imbalances were detected in eight of 10 PXAs analyzed by array-CGH ( Figure 2 ) with a range of 0-6 (mean7s.e.m.: 2.970.68) alterations per tumor. The most frequent alteration was complete or partial loss of chromosome 9 detected in 7/10 cases (70%). The other recurrent alterations were combined gains of chromosomes 5 and 7 (3/10), and gain of 20 (2/10). In five of 10 tumors, the array-CGH pattern was consistent with a complete or partial loss of one chromosome 9 and a homozygous deletion involving the CDKN2A/p14 ARF and CDKN2B loci at 9p21.3 (Figure 2a -e). In addition, two PXAs were found to have deletions of CDKN2A/ p14 ARF and CDKN2B without a loss of an entire chromosome 9 (Figure 2f and g ). The breakpoints of the partial losses on 9p, 18p and 19p detected in PXA51 were mapped to 9p13.3, 18p11.21 and 19p12-p13.11 ( Figure 3 ).
Verification of array-CGH breakpoints and homozygous deletions by interphase FISH to tumor tissue sections
The breakpoints detected by array-CGH were confirmed by interphase-FISH to tumor sections (Figure 3a-g ). In addition, three of seven PXAs with loss at 9p21.3 were analyzed by interphase-FISH to tumor sections ( Figure  3h -m). In each case, homozygous deletions of the clone RP11-149I2, that includes the CDKN2A/p14 ARF and CDKN2B loci, were detected in subsets of cells. In PXA53, the signal pattern of clones from 9p21.3, 9q31.3 and 4p12-p13 (Figure 3h-j) was consistent with a diploid karyotype containing only one copy of chromosome 9 and a homozygous deletion of the CDKN2A/ p14
ARF and CDKN2B loci in 20/24 cells (83%). In four cells, two signals were found for each clone. PXA52 showed the same aberrant signal pattern in 5/6 cells. In PXA43 (Figure 3k -m), the signal pattern was consistent with a diploid karyotype containing two copies of chromosome 9 that both have a deletion of the ARF and CDKN2B loci) pointed out by an arrow. Profiles (f) and (g) show losses at 9p21.3 including clone RP11-149I2 (arrow) without loss of chromosome 9. Profiles (h-j) show neither chromosome 9 loss nor diagnostic losses of clone RP11-149I2 (arrow).
CDKN2A/p14
ARF and CDKN2B loci in 6/19 cells (32%). In 13 cells, two signals were found for each clone. As the array-CGH patterns of five PXAs (profiles a-e in Figure 2 ) are indicative of homozygous CDKN2A/ p14 ARF and CDKN2B deletions (confirmed by FISHanalysis in two cases) and the loss at 9p21.3 in PXA43 was shown to correspond to a homozygous deletion by FISH-analysis (Figure 3k-m Po0.01) . Methylation analysis of the TSC1 promoter region using direct sequencing of sodium bisulfite modified DNA showed no evidence for methylation at any of the investigated 22 CpG sites in 11 PXAs, including the nine tumors with reduced TSC1 transcript levels.
Discussion
In contrast to the common diffuse astrocytic gliomas, relatively little information is available about the genetic changes associated with PXAs, which constitute a rare type of astrocytic glioma in children and young adults.
In a previous study, we reported that the genetic alterations commonly found in diffuse astrocytomas are rare or absent in PXAs (Kaulich et al., 2002) . In particular, only 5% of PXAs carried a TP53 mutation and the CDK4, MDM2 and EGFR proto-oncogenes showed no amplification in any of 62 PXAs investigated (Kaulich et al., 2002) . However, neither our previous data nor studies from other groups (Paulus et al., 1996) indicated any particular genetic alteration as being typically associated with PXAs. Therefore, we used genome-wide screening methods, that is, chromosomal and array-based CGH, to perform a comprehensive genomic profiling of PXAs. Chromosomal CGH analysis of 50 PXAs revealed chromosome 9 loss as the hallmark alteration identified in 50% of the cases. All other chromosomal imbalances were restricted to less than 20% of the tumors. The pattern of genomic imbalances detected in PXAs was markedly different from that identified in diffuse astrocytomas (this study; Weber et al., 1996) . In line with the generally distinct chromosomal aberration patterns, the amplicons identified in two cases each mapped to different chromosomal arms, that is, 2p, 4p, 12q and 21q in PXAs as compared to 12p and 13q in diffuse astrocytomas.
Our array-CGH experiments extend the results obtained by chromosomal CGH analysis in two ways. Firstly, imbalances of small chromosomal regions could be additionally identified and fine mapped by array-CGH. Secondly, imbalances of entire chromosomes could be detected by array-CGH that did not reach the diagnostic threshold in the chromosomal CGH analysis. When verifying array-CGH data by interphase-FISH to tumor sections, the alterations were confirmed but only detected in 30-80% of cells on the tissue section. This can be explained either by the fact that the aberrations were restricted to a subpopulation of tumor cells and/or by an admixture of non-neoplastic cells, for example, lymphocytic infiltrates, microglial cells and reactive astrocytes. Taken together, these results indicate that in addition to increasing the resolution of detectable imbalances, array-CGH allows the detection of copy number changes in cell subpopulations. This assumption is supported by a study on chronic lymphocytic leukemia, which noted that genomic imbalances present in less than 25% of cells, as ascertained by interphase-FISH, could be scored correctly by array-CGH (Schwaenen et al., 2004) .
Our chromosomal CGH data suggested that the short arm of chromosome 9 likely harbors a tumor-suppressor gene of importance in the pathogenesis of PXAs. Array-CGH then allowed the identification of a critical region at 9p21.3 by showing pronounced losses of clones from this chromosomal subband in seven of 10 PXAs investigated. In each case, these circumscribed losses included the RP11-149I2 clone, which contains the CDKN2A/p14 ARF and CDKN2B loci. When visualized at the cellular level by interphase-FISH to tumor sections, homozygous deletions encompassing the CDKN2A/ p14 ARF and CDKN2B loci were detected in 30-80% of the cells present on the respective tumor sections. In contrast to these findings, previous analyses of the same 10 tumors using duplex-PCR assays did not reveal any PXA with clear evidence of a homozygous CDKN2A, CDKN2B and p14 ARF deletion, that is, none of the cases showed a CDKN2A, CDKN2B or p14 ARF gene dosage of less than 30% relative to constitutional DNA (Kaulich et al., 2002) . The reduced gene dosages found in six PXAs were judged as being compatible with hemizygous deletion (Kaulich et al., 2002) . Thus, duplex-PCR may miss homozygous deletions restricted to a subpopulation of tumor cells or in cases with significant nonneoplastic cell contamination. Taken together, our new data clearly indicate a role for homozygous deletion of the CDKN2A, CDKN2B and p14 ARF tumor-suppressor genes in PXAs. This finding is of interest since so far homozygous deletions of these genes were detected predominantly in anaplastic gliomas and glioblastomas (Reifenberger and Collins, 2004) . The respective gene products are crucial regulators of the p53 and pRb1 tumor-suppressor pathways, with the CDKN2A and CDKN2B gene products p16
INK4a and p15 INK4b functioning as regulators of G1/S-phase transition by inhibiting the activity of cyclin-dependent kinases Cdk4 and Cdk6 (Pei and Xiong, 2005) . The p14 ARF protein inhibits Mdm2-mediated degradation of p53 (Harris and Levine, 2005) . Thus, our findings suggest that a significant percentage of PXAs contain tumor cells with impaired function of the p53 and pRb1 pathways due to biallelic deletions of the CDKN2A, p14
ARF and CDKN2B genes. The findings that most chromosome 9 deletions involved both chromosomal arms and that one deletion was restricted to 9q suggest that another PXA-associated tumor-suppressor gene is located on 9q. To address this issue, we took a candidate gene approach by performing molecular analyses of two known tumorsuppressor genes located on 9q, that is, the PTCH and TSC1 genes. Germline mutations in the PTCH gene at 9q22.3 cause nevoid basal cell carcinoma syndrome (Gorlin syndrome) (Hahn et al., 1996) , a rare autosomal dominant disorder that predisposes individuals to cutaneous basal cell carcinomas and other tumor types, including cerebellar medulloblastomas. Mutations in the TSC1 gene (9q34) are found in patients with tuberous sclerosis complex (van Slegtenhorst et al., 1997), a dominantly inherited disease characterized by the widespread development of hamartomas in multiple organ systems as well as a predisposition to certain tumor types, in particular subependymal giant cell astrocytomas. Mutational investigation of these two candidate genes in PXAs with 9q deletions did not reveal any tumor-associated sequence alterations. However, while PTCH transcript levels were upregulated relative to non-neoplastic brain tissue in PXAs and other astrocytic gliomas, TSC1 mRNA was consistently downregulated in PXAs relative to non-neoplastic brain tissue. Furthermore, TSC1 transcript levels were significantly lower in PXAs as compared to diffuse and anaplastic astrocytomas as well as glioblastomas. In contrast to recent findings in breast carcinomas (Jiang et al., 2005) , we found no evidence for TSC1 promoter hypermethylation in PXAs. Thus, the precise molecular mechanisms causing reduced TSC1 mRNA expression in PXAs remain to be elucidated. Furthermore, it needs to be investigated whether transcriptional downregulation of TSC1 in PXAs is associated with increased activity of the Rheb/mTOR pathway, which is inhibited by the TSC1/2 protein complex (Long et al., 2005) . A study on bladder cancer suggested a role of TSC1 haploinsufficiency in tumor pathogenesis (Knowles et al., 2003) , which might also be involved in PXAs carrying 9q deletions.
In summary, we performed a comprehensive analysis of genomic alterations in PXAs and identified chromosome 9 loss as the most common chromosomal alteration in these tumors. Furthermore, a significant fraction of PXAs was found to carry tumor cells with 9p21.3 homozygous deletions involving the CDKN2A/ p14 ARF and CDKN2B tumor-suppressor gene loci. Molecular analysis of candidate genes from 9q showed no evidence for PTCH mutation or loss of expression in PXAs. The TSC1 gene also lacked detectable mutations and promoter hypermethylation in PXAs but was consistently downregulated at the transcript level. Taken together, these data suggest homozygous deletion of CDKN2A/p14 ARF and CDKN2B as well as reduced expression of TSC1 as important molecular alterations in PXAs.
Material and methods

Tumor samples
Chromosomal CGH analyses were performed on PXAs from 50 patients (24 female, 26 male; mean age at operation: 20. 3 years; Table 1 ). All cases were included in the studies of Kaulich et al. (2002) and Reifenberger et al. (2003) . The tumor material was collected and analyzed as reported in these papers and as approved by the local institutional review board at the University of Bonn Medical Center (study no. 163/99). All tumors were histologically classified according to the WHO classification of tumors of the nervous system (Kepes et al., 2000) . Thirty-six tumors corresponded to classic PXA (WHO grade II) and 14 tumors to PXA with anaplastic features. Formalin-fixed and paraffin-embedded tumor tissue samples were collected from all 50 patients.
Unfixed frozen tumor samples were additionally available from 10 of the patients. For comparison of chromosomal imbalances, nine diffuse astrocytomas of WHO grade II (AII) were analyzed by CGH. For comparison of candidate gene expression, tumor material from eight patients with AII, eight patients with anaplastic astrocytoma WHO grade III (AAIII) and nine patients with giant cell glioblastoma WHO grade IV (GC-GBIV) was analyzed. As reference tissue for the mRNA expression studies, we used non-neoplastic brain tissue samples obtained at autopsy from two adult patients.
Nucleic acid extraction
High molecular weight DNA and RNA were extracted from frozen tissue samples of 10 PXAs, 25 other astrocytic gliomas, and two samples of non-neoplastic brain tissue by ultracentrifugation as described elsewhere (van den Boom et al., 2003) . In the remaining 40 PXAs, DNA was extracted from formalin-fixed paraffin-embedded tumor specimens Kaulich et al., 2002) . As reference DNA for CGH analyses, high molecular weight DNA was extracted from peripheral blood lymphocytes of normal individuals according to standard procedures (Sambrook et al., 1989) .
Chromosomal CGH
Metaphase spreads from a normal healthy male subject, prepared by standard procedures, were obtained from stimulated peripheral blood lymphocytes. CGH was carried out as described previously (Lichter et al., 1995) . Image capture and processing for CGH analysis were performed using the Isis CGH imaging system (MetaSystems, Altlussheim, Germany). The diagnostic thresholds used to score losses, gains and high-level amplifications were 0.75, 1.25 and 2.0, respectively.
Array-based CGH
Ten PXAs for which high molecular weight DNA could be extracted from frozen tumor samples were analyzed by array-CGH using genomic DNA microarrays with more than 8000 large insert clones. Except for the addition of 2000 region specific clones from the RPCI (RZPD, Berlin, Germany) and CalTech (Invitrogen, Karlsruhe, Germany) BAC libraries, the array was published previously (Zielinski et al., 2005) . Array assembly, hybridization and analysis were essentially performed as described previously (Zielinski et al., 2005) with the following minor modifications: slides were spotted in triplicate using an Omnigrid microarray spotter (GeneMachines, San Carlos, CA, USA). The reference DNA pool was from 10 healthy donors and sex matched. Preannealing was performed using 120 mg COT Human DNA (Roche, Basel, Switzerland) for 1 h. Hybridization was carried out in a HybArray 12 hybridization station (Perkin-Elmer, Beaconsfield, UK) at 371C for about 70 h.
Interphase FISH to tumor tissue sections Formalin-fixed paraffin-embedded tissue sections of 6 mm thickness were deparaffinated, pretreated with 85% formic acid/1% hydrogen peroxide solution followed by 1 M sodium thiocyanate and 1 mg/ml pepsin in 0.02 N. HCl, fixed with 1% formaldehyde and denaturated. DNA isolated from BAC or PAC clones was labeled with digoxigenin-11-dUTP or biotin-16-dUTP (Roche) by nick translation. FISH was carried out as described previously (Lichter et al., 1995) . Note that the curves for PXA47, AA143 and NB are nearly identical for the reference transcript ADP-ribosylation factor 1 (ARF1). In contrast, the TSC1 curve of PXA47 crosses the threshold value (t) on the right side of the TSC1 curves of AA143 and NB, indicating lower expression of TSC1 in PXA47. The calculated TSC1 mRNA level in PXA47 was 12% of the level in NB. (b) Mean expression levels of TSC1 transcripts in nine PXAs, eight diffuse astrocytomas WHO grade II (AII), eight anaplastic astrocytomas WHO grade III (AAIII), and nine giant cell glioblastomas WHO grade IV (GC-GBIV). The TSC1 mRNA level was normalized to the ARF1 mRNA level in each tumor and calculated in relation to the normalized TSC1 mRNA level in non-neoplastic brain tissue. Note that the mean TSC1 transcript level was significantly lower in PXAs as compared to AII, AAIII and GC-GBIV.
Mutation analyses
All 50 PXAs had been investigated before for the presence of homozygous deletions of the CDKN2A tumor-suppressor gene at 9p21 using duplex-PCR analysis (Kaulich et al., 2002) . In the same study, no point mutations, promoter hypermethylation or complete loss of mRNA expression of CDKN2A/p14 ARF and CDKN2B had been detected in 10 PXAs analyzed (Kaulich et al., 2002) . Eighteen PXAs, including 16 tumors with loss of 9q as demonstrated by CGH analysis, were screened for mutations in all coding exons of the TSC1 and PTCH tumor-suppressor genes by using SSCP analysis. PCR amplification, SSCP analysis and DNA sequencing were performed as reported (Becker et al., 2001; Reifenberger et al., 2005) .
Expression analyses
Nine PXAs and 25 diffuse astrocytic gliomas were studied for the expression of PTCH and TSC1 transcripts using real-time reverse transcription-PCR and the ABI PRISM 5700 sequence detection system (Applied Biosystems, Foster City, CA, USA). Continuous measurement of the PCR product was enabled by incorporation of SYBR-Green fluorescent dye into the doublestranded PCR products. The transcript levels of each gene were normalized to the transcript level of ARF1 (ADP-ribosylation factor 1, NCBI GenBank Accession-No. M36340) and calculated in relation to the mean normalized transcript value obtained for the non-neoplastic reference tissue samples. The respective primer sequences were as follows: TSC1-TaqF: 5 0 -cctcacaacaggcgtcttgg-3 0 , TSC1-TaqR: 5 0 -tggcatggagatggacgag-3 0 ; PTCH-TaqF: 5 0 -gccagcggctacttactcatg-3 0 , PTCH-TaqR: TSC1 promoter methylation analysis The nine PXAs with reduced TSC1 mRNA expression as well as two additional PXAs were analyzed for TSC1 promoter hypermethylation using direct sequencing of sodium bisulfitemodified genomic DNA as reported (Mo¨llemann et al., 2005) . PCR was performed for 40 cycles with oligonucleotide primers (sense: 5 0 -gttgcgaagagattttgtgattt-3 0 and antisense: 5 0 -caaaacgctccaaccacacccaaa-3 0 ) spanning a fragment of 175 base pairs within the TSC1 promoter region (nucleotides 188701-188877, GenBank accession no. AL445645). This sequence includes 22 CpG sites located 5 0 of the transcription start site. Purified PCR products were sequenced using the BigDye Cycle Sequencing Kit and an ABI PRISM 377 semiautomated DNA sequencer (Applied Biosystems, Foster City, CA, USA).
Statistical analyses
Comparisons between groups were performed by Fisher's Exact Test or Student's t-test. A P-value of less than 0.05 was considered statistically significant.
